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When applying thin liquid films, for example, in sensor, chromatography, lubrication, and coating technologies, the interface of the liquid film to its environment becomes increasingly relevant when the films are becoming thinner and thinner. For such systems, it is important to know whether and to what extent the film properties close to the interface are different from those in the bulk.

One prominent example of thin liquid film applications is the new and very successful concept of "Supported Ionic Liquid Phase" (SILP) catalysis.^[@ref1]^ In SILP, a high-surface area solid substrate is covered with a thin ionic liquid (IL) film, which typically contains a dissolved transition metal (TM) complex^[@ref2]−[@ref5]^ as catalytically active species, with the IL acting as a nonvolatile solvent for both the reactants and the complex. In addition to their solvent character, ILs also have the potential for providing ionic ligands for the desired complex with concentrations far above those achieved in traditional molecular solvents reducing potential ligand exchange by other solvent molecules. To optimize such high-surface area systems employing dissolved TM complexes, a full understanding of the near-surface region and possible differences of the dissolved complex to its bulk behavior is highly desired, which requires surface-sensitive analytics.

Because of their extremely low vapor pressure, the near-surface region of ILs can, in contrast with most of the commonly used solvents, be studied using the powerful techniques of ultrahigh vacuum (UHV)-based surface science such as X-ray photoelectron spectroscopy (XPS). While XPS studies on solid surfaces are restricted to the static properties of transition metal complexes,^[@ref6]−[@ref8]^ investigations in the liquid state also allow for studying dynamical phenomena,^[@ref9]−[@ref14]^ that is, time- or temperature-dependent processes. Because of its inherent surface sensitivity, XPS provides information on changes of chemical states within the topmost 1--10 nm. This near-surface region can indeed behave quite differently from the bulk, as was recently demonstrated in an XPS study for CO~2~ capture using amine-functionalized ILs: The specific CO~2~--amine chemistry found in the topmost IL layers leads to a much higher uptake capacity in the near-surface region compared with the bulk one.^[@ref15]^

Herein, we apply XPS for the first time to a thermodynamic metal complex equilibrium based on ILs containing the doubly negatively charged tetrathiocyanatocobaltate(II) (\[Co(NCS)~4~\]^2--^) as the anion, a system introduced by Peppel et al.^[@ref16]^ Osborne et al.^[@ref17]^ reported thermochromatic behavior of this anion formed by dissolving cobalt(II) isothiocyanate (Co(NCS)~2~) in the IL 1-ethyl-3-methylimidazolium thiocyanate (\[C~2~C~1~Im\]\[SCN\]). At room temperature, the complex equilibrium in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} lies on the left side, as witnessed by the deep blue color of the tetrahedrally coordinated cobalt anion. Cooling shifts the equilibrium to the right, toward the octahedrally coordinated complex: At around −40 °C, the octahedral red form in the bulk dominates, as shown by UV--vis and IR absorption spectroscopy.^[@ref17]^ It should be noted that the transition between both complexes goes not only along with changes in optical absorption but also with changes in magnetic properties^[@ref17]^ and conductivity.^[@ref18]^ Very recently, it was also demonstrated that the equilibrium is shifted to the right by applying external pressure.^[@ref18]^ These characteristics make this complex system very interesting for sensor applications.

![Investigated Thermochromic Complex Equilibrium (Top) Represented by the Ionic Liquids IL-3 and IL-4 (Middle) Employing a 3:1 Molar Mixture of IL-1 and IL-2 (Bottom)\
Colored atoms with their specific binding energy values shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and discussed in the text: N 1s imidazolium (grey) = 401.8 eV; N 1s free \[SCN\]^−^ (bright blue) = 397.8 eV ≈ N 1s \[Co(NCS)~6~\]^4--^; N 1s \[Co(NCS)~4~\]^2--^ (dark blue) = 398.5 eV; S 2p~3/2~ free \[SCN\]^−^ (green) = 162.2 eV ≈ S 2p~3/2~ \[Co(NCS)~6~\]^4--^; S 2p~3/2~ \[Co(NCS)~4~\]^2--^ (orange) = 162.9 eV.](jz-2017-00142j_0003){#sch1}

To investigate the dynamics of the above equilibrium, we employed a mixture of the IL di(1-ethyl-3-methylimidazolium) tetrathiocyanatocobaltate(II) (\[C~2~C~1~Im\]~2~\[Co(II) (NCS)~4~\], **IL-2**) with an excess of 1-ethyl-3-methylimidazolium thiocyanate (\[C~2~C~1~Im\] \[SCN\], **IL-1**) in a 1:3 molar ratio, forming a new IL with nominal composition \[C~2~C~1~Im\]~5~\[Co(II) (NCS)~4~\]\[SCN\]~3~ (**IL-3**; see also [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). (Note that thiocyanate acting as ligand is denoted in the following as "\[NCS\]^−^", because the coordination occurs via the negatively charged nitrogen end to the Co^2+^ center,^[@ref16]^ whereas free thiocyanate anions are labeled as "\[SCN\]^−^").

As a first step, we studied the thermochromic behavior of the bulk of the mixture IL-3 in a simple temperature experiment (see Figure S1 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf), SI). Indeed, a color change from blue to red occurred as a function of temperature over a similar temperature range as that reported by Osborne et al.^[@ref17]^ (full blue: *T* ≥ −10 °C, full red: *T* ≤ −40 °C, midtransition temperature around −25 °C; see Figure S2 of the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf)). Thereby, the mixture IL-3 (\[C~2~C~1~Im\]^+^~2~\[Co(NCS)~4~\]^2--^ + 3\[C~2~C~1~Im\]^+^\[SCN\]^−^) transforms to a new mixture **IL-4** (\[C~2~C~1~Im\]^+^~4~\[Co(II) (NCS)~6~\]^4--^ + \[C~2~C~1~Im\]^+^\[SCN\]^−^). Notably, the latter has an excess of one free \[SCN\]^−^ anion per formed octahedral complex, as also shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

To search for possible differences of the bulk behavior and the behavior in the near-surface region, we performed a detailed XPS study. The neat ILs IL-1 and IL-2 and the mixture IL-3 were each placed on sample holders and introduced to our UHV system and temperature-dependent spectra were taken, starting from room temperature, down to −75 °C. As it will be shown, the complex transition occurs at considerable higher temperatures in the near-surface region (which is probed by XPS with a maximum information depth of ∼10 nm) than in the bulk.

The thiocyanate signals of the cobalt-coordinated ligands and of the free anions can be easily monitored in the N 1s and S 2p region; the corresponding carbon signal is superimposed on the imidazolium ring carbon signal and could not be separated. In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the room temperature (24 °C) N 1s and S 2p spectra taken in 0° emission are shown in comparison with the spectra recorded at −10 °C.

![N 1s (left) and S 2p (right) region spectra of IL-1, IL-2, and IL-3 measured in normal emission at 24 °C (black) and at −10 °C (green). The red lines show binding energy positions referenced to imidazolium nitrogen at 401.8 eV; moreover, deconvolution of the N 1s \[SCN\]^−^ signal of IL-3 at 24 °C is shown as discussed in the text.](jz-2017-00142j_0001){#fig1}

For IL-1 and IL-2, the binding energies of the thiocyanate nitrogen in free \[SCN\]^−^ and in the cobalt-bound \[NCS\]^−^ ligands, at 397.8 and 398.5 eV, respectively, are well separated from the N 1s signal originating from the positively charged imidazolium ring at 401.8 eV. The corresponding spin--orbit split S 2p signals of IL-1 are found at lower binding energy (162.2 eV, S 2p~3/2~ component) compared with IL-2 (162.9 eV).

To gain information on the composition/orientation at the IL/vacuum interface, we also performed simultaneous ARXPS measurements (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf)) at 0° (bulk-sensitive) and 80° (surface-sensitive) electron emission angle for the three IL samples above and below the bulk complex transition temperature (24, −10, and −30 °C). For IL-1, the spectra show no change with temperature but clearly demonstrate a preferential orientation of the free thiocyanate anions at the surface: When changing from 0 to 80°, the anion S 2p intensity increases by ∼25% and the anion N 1s peak at 397.8 eV increases by only 5--10% (both relative to the imidazolium N 1s peak at 401.8 eV). This indicates that the linear free thiocyanate anions in IL-1 are preferentially oriented within the outermost surface layer, with the sulfur end pointing toward the vacuum and the nitrogen end pointing toward the bulk. Similar orientation effects at surfaces have been reported for other IL systems: In most cases, noncharged moieties such as long alkyl chains attached to ionic head groups as well as CF~3~ groups of perfluorated anions are consistently reported to point preferentially toward the vacuum side.^[@ref13]^ For \[SCN\]-based ILs, such strong surface orientation effects have not yet been reported to the best of our knowledge. One should note that the here observed thiocyanate orientation might extend from the surface layer over several layers further into the bulk, which has been deduced for other IL systems by surface X-ray scattering^[@ref19]^ and molecular dynamic simulations;^[@ref20]^ such an effect can, however, not be distinguished with ARXPS.

The ARXP spectra of IL-2 at 24 °C also exhibit an increase of ∼20% in the S 2p signal with increasing surface sensitivity, which is of similar magnitude as observed for IL-1; again, no change with cooling temperature is found ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf)). Because in the tetrahedrally coordinated complex no individual orientation of \[NCS\]^−^ ligands is possible, the observed surface enrichment of sulfur in 80° is attributed to the fact that three of the four ligands (that is, one of the tetrahedron's baseplanes) are preferentially oriented toward the vacuum side. For both neat ILs IL-1 and IL-2, further cooling does not lead to significant changes in peak positions or widths at normal and grazing emission. After solidification below −60 °C, charging effects could be observed by signal shifts toward higher binding energy and peak broadening (not shown).

The thiocyanate signals of the mixture IL-3 at 24 °C are significantly broader than observed for IL-1 and IL-2. In particular, the anion N 1s level (black spectrum in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) clearly reveals two components, which can be described within the fitting uncertainty as a superposition of cobalt-bound thiocyanate in \[Co(NCS)~4~\]^2--^ at 398.5 eV and of free \[SCN\]^−^ at 397.8 eV, with an intensity ratio of 4:3 (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), that is, with the nominal molar ratio expected for the IL-2/IL-1 1:3 mixture. The room-temperature S 2p spectrum of IL-3 is also considerably broader than the corresponding spectra of the neat ILs IL-1 and IL-2, again due to the presence of species in two different chemical states. Note that due to spin--orbit splitting, the presence of two different species in the S 2p region is less obvious; however, deconvolution by peak fitting is fully in line with the results from the N 1s spectra of IL-3. ARXPS at 24 °C shows again an increase in S 2p intensity at 80° (Figure S3 of the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf)), similar to that of IL-1 and IL-2, indicating that at room temperature oriented free thiocyanate anions with sulfur pointing toward vacuum and \[Co(NCS)~4~\]^2--^ anions are present in the outermost layers of IL-3.

In contrast with the neat ILs IL-1 and IL-2, moderate cooling of the mixture IL-3 to −10 °C, that is, still well above the color transition temperature of −25 °C, leads to a pronounced narrowing (25% decrease in full width at half-maximum, fwhm) and intensity loss of the \[SCN\]^−^-related N 1s and the S 2p signals (green spectra of IL-3 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) to fwhm values similar to those measured for IL-1, with binding energies of 398.0 eV (N 1s) and 162.4 eV (S 2p~3/2~), respectively. The decrease in fwhms starts around +20 °C and reaches the final narrow signals already at +4 °C, as it is evident from a slow cooling and heating cycle with 2 °C steps from +24 to 0 °C and back to +24 °C (see N 1s spectra shown in Figure S4 of [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf)); the spectral changes in this cycle are fully reversible. Further cooling to even below the color transition temperature does not lead to any further spectral changes until freezing occurs at −75 °C, as witnessed by film charging. Thus, at (and below) 4 °C, the transition from the tetrahedral to the octahedral complex seems to have already occurred in the near-surface region probed by XPS, while in the bulk the transition only occurs at significantly lower temperatures. At +4 °C, beneath the XPS probing depth of 9 nm, free \[SCN\]^−^ and \[Co(II) (NCS)~4~\]^2--^ anions are still present as clearly shown by the deep-blue color of the liquid film covering the sample holder. Interestingly, at −10 °C and below, only a very weak increase in the S 2p signals in 80° emission is observed, as is evident from the ARXP spectra at −10 and −30 °C in Figure S3 of the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf). Notably, at −30 °C, the IL-3 film on the sample holder has changed its color from blue to a red appearance, as witnessed by visual inspection.

Additional information on the transition from the tetrahedral to the octahedral cobalt complex can be deduced from the Co 2p region of IL-2 and IL-3. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, normal emission Co 2p spectra of IL-2 and IL-3 collected at +24, −10, and −30 °C are shown (without background subtraction). At +24 °C, both ILs exhibit spectra of identical shape, with the Co 2p~1/2~ branch between 810 and 795 eV, and the Co 2p~3/2~ branch between 795 and 778 eV; as expected for open-shell Co(II) systems, both branches exhibit multiplet splitting. At 24 °C, the lower intensity (by 40%) for IL-3 is due to the lower cobalt density in the mixture, as compared with IL-2.

![Co 2p spectra of IL-2 (left) and IL-3 (right), measured in normal emission. Because of the open-shell structure of the Co(II) complexes, multiplet splitting occurs for the 2p~1/2~ and 2p~3/2~ branches.](jz-2017-00142j_0002){#fig2}

Whereas the neat IL-2 does not reveal changes during cooling, the Co 2p spectral shape of IL-3 is considerably altered at lower temperatures (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}): Whereas at room temperature the Co 2p~1/2~ branch of IL-3 shows one shoulder next to the peak maximum and the Co 2p~3/2~ branch shows two shoulders around the peak maximum, the intensity of these shoulders is considerably decreased at −10 °C. This change can most easily be quantified by differential shifts of the maxima in the 2p~1/2~ and 2p~3/2~ branches by about −0.6 and −1.1 eV to lower binding energy, respectively; the difference in shape is even more evident in Figure S5 of the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf), where the scaled spectra are plotted on top of each other for direct comparison. The change in apparent spin--orbit splitting and in spectral shape both clearly indicate a change in the complex structure. Because no further spectral changes occur when cooling IL-3 to −30 °C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and below (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf)), with the IL-3 film being fully red, we attribute the −10 °C spectrum shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} to the octahedral \[Co(II) (NCS)~6~\]^4--^ complex being dominantly present in the near-surface region probed by XPS in normal emission. The observed overall Co 2p shift toward lower binding energies is thus attributed to the increase in number of negatively charged \[NCS\]^−^ ligands from 4 to 6 around the Co(II) core accompanied by a change in electron distribution;^[@ref17]^ a reduction to Co(I) is extremely unlikely because Co(I) complexes typically can only be stabilized using multidentate or highly protective ligands,^[@ref21]^ which is not the case for thiocyanate.

In addition to the change in shape of the Co 2p spectra, we also observe a pronounced decrease in the overall Co 2p signal upon cooling in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} to ∼40% of the original signal at 24 °C (overall intensity as derived by numerical integration from 770 to 815 eV after linear background subtraction). We rule out beam damage effects because heating from −10 °C back to room temperature fully restores the original Co 2p intensity (not shown). The smaller Co 2p intensity indicates a decrease in density of the Co complex in the near-surface region contributing to the XPS signal. One possible explanation would be that in order to be stabilized at temperatures above the bulk transition temperature, the four times negatively charged octahedral \[Co(II) (NCS)~6~\]^4--^ complex with its four imidazolium cations is solvated by additional \[SCN\]^−^ anions. This configuration would lead to an excess of \[SCN\]^−^ anions (including the corresponding cations) weakly bound to the octahedral complex in the near-surface region. Considering a solvation shell with, for example, 8 to 10 weakly bound \[SCN\]^−^ ions (instead of only one as expected from the stoichiometry of a \[C~2~C~1~Im\]~4~^+^\[Co(II) (NCS)~6~\]^4--^/\[C~2~C~1~Im\]^+^\[SCN\]^−^ 1:1 mixture), would be consistent with the pronounced decrease in the Co 2p signal. The narrow line widths of the anion N 1s and S 2p peaks in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} at −10 °C furthermore indicate that the N 1s and S 2p binding energies for the \[Co(II) (NCS)~6~\]^4--^ and the free \[SCN\]^−^ ions (that is, IL-1) are very similar. The proposed core--shell structure would also explain why, in contrast with IL-1, no pronounced surface orientation of free \[SCN\]^−^ ions is observed below 4 °C because only \[SCN\]^−^ anions weakly bound to the octahedral complex are present in the near-surface region.

In conclusion, the observed temperature-dependent changes for IL-3 indicate that a complex transition from tetrahedrally toward octahedrally coordinated cobalt occurs in the near-surface region until +4 °C, that is, at ∼30 °C higher temperature than in the bulk. The transition goes along with a pronounced decrease in the complex density in the near-surface region, which is attributed to the formation of a weakly bound \[SCN\]^−^ secondary solvation shell around the \[Co(II) (NCS)~6~\]^4--^ anion, with a primary solvation shell of four cations, that is, an effective dilution of the complex. Without support from theory, we can only speculate about the driving force for the enhanced stability of the \[Co(II) (NCS)~6~\]^4--^ complex in the near-surface region. One possibility could be related to the intrinsic potential of the IL/vacuum interface for inducing order in the near-surface region, as was witnessed, for example, by the preferential orientation of free \[SCN\]^−^ anions at the surface observed by ARXPS (see above) or vertical layering effects found by other groups.^[@ref19],[@ref20]^ If this ordering is reduced by the formation of the octahedral complex plus its extended solvation shell (as observed by us by the loss of free \[SCN\]^−^ orientation), and thus, if the reaction entropy in the near-surface region is slightly higher than that in the bulk, where those ordering effects are absent, then a shift of the complex equilibrium ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) is expected toward the right, which leads to the observed increase in transition temperature in the near-surface region. It is important to note that such surface-induced phenomena could be of high relevance for all concepts where high-surface-area materials are applied. While such effects are very difficult to discern using bulk analytic methods, we have demonstrated that for ionic-liquid-based systems surface-sensitive XPS allows access to such changes in detail.

Experimental Methods {#sec2}
====================

IL-1, \[C~2~C~1~Im\]\[SCN\], was purchased from IoLiTech (assay \>98%, halides \<2%). IL-2, \[C~2~C~1~Im\]~2~\[Co(NCS)~4~\], was purchased from KCT-Chemie UG. IL-3 with its nominal composition \[C~2~C~1~Im\]~5~\[Co(NCS)~4~\] \[SCN\]~3~ was prepared by mixing IL-1 and IL-2 in a 3:1 molar ratio. Macroscopic samples (ca. 0.5 mL) of the three ILs were placed onto molybdenum sample holders equipped with transferable thermocouples for accurate sample temperature readings and introduced to our new dual analyzer system for surface analysis^[@ref22]^ (DASSA). The ILs were initially heated to 60 °C for ca. 2 h under UHV (base pressure 2 × 10^--10^ mbar) before scans were taken to drive off any remaining volatile components.

Once degassed, the samples were studied at room temperature (24 °C) and subsequently at −10, −30, −60, and −75 °C, with survey and high-resolution scans at each temperature. Moreover, a cooling and heating cycle from room temperature to 0 °C and back was done for IL-3 in 2 °C steps while recording XP spectra. All spectra were taken using a monochromated Al Kα source. High-resolution scans used a pass energy of 35 eV and a dwell time of 1.5 s with an overall energy resolution of 0.4 eV, while survey scans were recorded with a pass energy of 200 eV and a dwell time of 0.5 s. Angle-resolved XPS (ARXPS) was done by recording spectra simultaneously with one analyzer mounted at 0° (normal emission) and one mounted at 80° (grazing emission), with respect to the surface normal. While 0° electron emission is more bulk sensitive, with 7--9 nm information depth (depending on kinetic energy of the excited photoelectrons), emission at 80° is about six times more surface sensitive, with 1 to 1.5 nm information depth.

Because of minor charging effects even at room temperature, the binding energy values of all spectra were referenced to the N 1s signal of the imidazolium cation being set to 401.82 eV, which is the value measured for IL-2 at room temperature. The nitrogen signal of the counterion was chosen because the imidazolium cation is expected to be least influenced by the complex reaction and provides a sharp and easily distinguishable signal. At temperatures below −60 °C, it was sometimes necessary to use an electron flood gun to counteract peak broadening by inhomogeneous charging when sample solidification occurred.

All imidazolium and ligand core levels could be fitted using simple Pseudo-Voigt functions (70% Gaussian--30% Lorentzian) after Shirley background subtraction.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.7b00142](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.7b00142).Setup used for monitoring color change of IL-3 as a function of temperature; thermochromic bulk behavior of IL-3 (frames from movie); N 1s and S 2p ARXP spectra of IL-1, IL-2, and IL-3 measured each at 24, −10, and −30 °C; N 1s spectra of IL-3 during cooling and warming cycle; and Co 2p spectra of IL-3 at two different temperatures (rescaled) and at low temperatures (until −75 °C). ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_001.pdf))High-speed movie of the color change of IL-3 as a function of temperature (indicated by display); original duration from −60 °C to +7 °C: 19 min. ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b00142/suppl_file/jz7b00142_si_002.avi))
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